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Abstract 
This paper describes optimization of the size and launch conditions of a discus. The objective function for optimization is the 
flight distance. Longer flight distance is better. Fourteen design variables are considered. Eight of the fourteen are concerned 
with the skill of the thrower. They determine the launch conditions, which are controlled by the thrower when he or she throws.
The other six variables are concerned with the design of the equipment. These are the dimensions of the discus (width, 
thickness, radius of the metal rim and diameter of the flat center area on each side), the moment of inertia on the axis of 
symmetry and finally the mass of the discus. The dependences of size and the angle of attack on the aerodynamic data are 
estimated by using CFD (computational fluid dynamics) technique. Typical CFD results, including the effect of stalling, were 
confirmed by comparing the results with experimental data. As a result, the longest flight distance that could be achieved was 
79 meters. In order to do this, the initial yaw rate on the axis of symmetry should be maximized. The mass should be the 
smallest. The moment of inertia on the axis of symmetry, the diameter of the flat center area and the width should be designed 
to be large. The air inflow to the discus should arrive from the upper side at the very beginning of the flight. 
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1. Introduction  
The objective of this study is to simultaneously optimize the design of a discus and the skill with which it is 
thrown. Discus throwers develop and adjust their skills depending on the discus used. The optimal skill is 
applicable to the discuses used in their training and those used in competitions. However, the performance could be 
maximized if the skill and the equipment are optimized simultaneously. 
In this study, concurrent optimization of both skill and equipment is carried out using an adaptive range genetic 
algorithm (Sasaki et al. (2012)). The objective function for optimization is the flight distance. Longer flight 
distance is better. Fourteen design variables, which include the launch conditions (skill) and the size, the mass and 
the moment of inertia of the discus (equipment), are considered. 
 
Nomenclature 
AoA Angle of attack [q]  
CD Drag coefficient 
CL Lift coefficient 
CM Pitching moment coefficient 
DFCA Diameter of the flat centre area [mm] 
mD Mass of the discus [kg] 
P Roll rate [rev./sec.] 
Q Pitch rate [rev./sec.] 
R Yaw rate [rev./sec.] 
RMR Radius of the metal rim [mm] 
IS Moment of inertia on the axis of symmetry [kg m2] 
THK  Thickness of the discus [mm] 
tf  Flight time [sec.] 
w Width of the discus [mm]
Ȗ Elevation angle of the velocity vector (Flight path angle) [q] 
F  Azimuth angle of the velocity vector [q] 
Ȍ Yaw angle [q] 
Ĭ Pitch angle [q] 
ĭ Roll angle [q] 
2. Optimization  
2.1. Objective functions 
Flight distance is treated as an objective function, F1. The inertial coordinate system is shown in Fig. 1. The 
origin is defined as being at the center of the throwing circle, while the XE-axis is in the horizontal forward 
direction, the YE-axis is the horizontal lateral direction and the ZE-axis is vertically downward. The flight distance 
defined by Equation (1) is the projected distance on the ground. The flight time is denoted by tf.  
In order to simulate the flight trajectory (XE(t), YE(t), ZE(t)), which is equivalent with assigning the value of the 
objective function, F1, it is necessary to integrate the equations of motion numerically on the basis of the 
aerodynamic forces (Seo et al. (2012)). Therefore, it is essential to know what aerodynamic forces act on the 
discus, and these will be described in Sec. 3. 
   221 fEfE tYtXF     (1) 
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2.2. Design variables 
The fourteen design variables are shown in Table 1. The ranges of these, which are also shown in Table 1, are 
defined such that they can cover practical values for the skill level of the thrower (Leigh et al. (2010)) and the 
design regulations for the discus. Eight of the variables, from Ȗ0 to R0 in Table 1, are concerned with the skill of 
the thrower at the point of launch. The other six, from IS to Z, are concerned with the equipment, which are 
controlled by the designer. In order to obtain a harmonic optimal solution, concurrent optimization of both the 
thrower’s skill and the equipment is carried out. 
Since a right-handed thrower is assumed, the launch position is considered to be in the right-hand side of the 
throwing circle. The launch position is assumed to be (XE,YE,ZE) = (1.0, 1.0, í1.6) in this study. The negative sign 
of ZE means the vertically upward direction, and the value of -1.6 is almost the highest launch position achievable 
for women. The release height is generally 90% of the thrower’s height. The magnitude of the velocity vector at 
launch is assumed to be 26 ms-1. 
 Table 1. Design variables. 
Design variables Abb. Ranges 
Flight path angle Ȗ0 25̚50° 
Azimuth angle of the velocity vector F0 -30̚30° 
Yaw angle Ȍ0 -30̚30° 
Pitch angle Ĭ0 -60̚60 ° 
Roll angle ĭ0 -30̚30 ° 
Roll rate P0 -3̚3 rev./sec. 
Pitch rate Q0 -3̚3 rev./sec. 
Yaw rate R0 0̚7 rev./sec. 
Moment of inertia on the axis of symmetry IS 0.0055̚0.006 kgm2 
Mass mD 1.005̚1.025 kg 
Diameter of the flat center area DFCA 50̚57 mm 
Radius of the metal rim RMR 5.85̚6.45 mm 
Thickness THK 37̚39 mm 
Width w 180̚182 mm 
Fig. 1. Inertial coordinate system. 
 
 
 
Fig. 2. Design variables concerned with the 
size of the discus. 
3. Aerodynamic forces acting on a discus 
3.1. Comparison between EFD (experimental fluid dynamics) results and CFD (computational fluid dynamics) results 
In order to understand the dependence on the size of the discus of the aerodynamic forces, it is necessary to 
study many discuses of various sizes. Indeed, it is possible to design tens of such discuses. However, if all of these 
discuses were actually made, it would take a lot of time and it would be expensive. Therefore, the CFD technique 
was applied to estimate the aerodynamic forces.  
A discus was initially developed using Ansys Design Modeler. It had the same width (w) of 181.5mm, thickness 
(THK) of 37mm, metal rim radius (RMR) of 6.15mm and diameter of the flat center area (DFCA) of 50mm as the 
competition discus shown in Fig.2 (Super HM, Nishi Athletics Goods). A cube in which all 12 edges are 4000mm, 
was constructed around the discus as an enclosure. The frontal area of the cube was defined as a velocity inlet, 
while the rear of the cube was set as a pressure outlet where the airflow exits. The rest of the boundaries were 
defined as walls. These were then imported to Ansys Meshing, a pre-processor of CFD code FLUENT. Hybrid 
meshes of tetrahedrons and hexagons were used. The size function and the inflation controls were also used to 
mesh the volumes. If the number of cells were more than one million, then the aerodynamic coefficients 
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determined by CFD would agree with those determined by EFD. However, the computing time for CFD is more 
than three hours for just one case. Here, there are hundreds of cases to be calculated. Since the computing time is 
also important, the number of cells was set 213,314 by local inflation settings. In this case, the values of (CD, CL, 
CM) = (0.23, 0.71, 0.18) at AoA=25q and 30ms-1 are almost same as those (CD, CL, CM) = (0.23, 0.74, 0.18) 
determined by the fine mesh (1,171,589 cells). The average skewness in the case of 213,314 cells was 0.25. The 
growth rate was 1.2. 
The aerodynamic forces in the steady flow state were calculated by FLUENT 14.0. Comparisons between EFD 
and CFD at AoA=25q and 30ms-1 are shown in Fig.3. The ordinates are the ratio between CFD and EFD. If 
CFD/EFD is equal to 1, the aerodynamic coefficients derived by CFD coincide with those obtained by EFD. The 
abscissa shows four combinations of RANS-based turbulence model and wall treatments. It can be seen that CD 
and CL derived by CFD are all smaller than those derived by EFD. The combination of the standard k-epsilon (ske) 
model and the enhanced wall treatment (ewt) gives the best agreement with EFD, though CM derived by CFD is 
20% larger than that by EFD. Therefore, the standard k-epsilon model with the enhanced wall treatment was used 
for the turbulence modelling. The second-order upwind method was selected for all equations, and the convergence 
criterion for continuity equations was set as 10-3. 
The oilflow observation on the suction side at AoA=25q and 30ms-1 is shown in Fig. 4. The direction of the wind 
is from left to right. A contour map that is colored to display the pressure derived by CFD on a gray scale is also 
shown in Fig. 5. Black denotes the lowest gauge pressure of -1879 [Pa], while white denotes the highest gauge 
pressure of 529.7 [Pa]. It can be seen that the contour map derived by CFD almost coincides with the oil flow 
observation. 
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Fig. 4. Oil flow observation on 
the suction side. 
AoA=25q and U=30 ms-1. 
Fig. 5. Contour map of pressure on 
the suction side. 
AoA=25q and U=30 ms-1. 
Fig. 3. Comparisons of aerodynamic coefficients between CFD 
and EFD. AoA=25q and U=30 ms-1. 
ske=standard k-epsilon, rke=realizable k-epsilon,  
swf=standard wall function, ewt=enhanced wall treatment 
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(a). The drag coefficient, CD. (b). The lift coefficient, CL. (c). The pitching moment coefficient, CM. 
Fig. 6. AoA dependence of aerodynamic forces. 
 
Another set of comparisons between the EFD results and the CFD results is shown in Fig.6. The aerodynamic 
coefficients, CD, CL and CM, as a function of AoA are shown. The definition of the drag coefficient, CD, is the drag 
U 
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divided by the dynamic pressure and the area of the discus planform. The lift coefficient, CL, and the pitching 
moment coefficient, CM, are defined in the same manner. Since there is little difference between aerodynamic 
coefficients for wind speeds in the ranges from 15 to 30 ms-1 and from 0 to 7 revolutions per second (Seo et al. 
(2012)), the data at 30 ms-1 and 0 revolutions per second are shown with error bars. The open circles denote EFD 
results from wind tunnel tests during the process of increasing AoA from 0° to 90°, while the open triangles show 
the process when decreasing AoA from 90° to 0°. The closed diamonds show CFD results. It can be seen that the 
aerodynamic coefficients obtained by CFD qualitatively agree with those obtained by EFD. In the experiments, 
there are differences in CL and CM in the process of decreasing AoA, compared with the data when the process is 
increasing. Therefore, hysteresis occurs in CL and CM in the experiments. On the other hand, CFD could not detect 
the hysteresis in CL and CM so far, though it could detect the effect of the stall.  
  
3.2. Estimating aerodynamic coefficients using CFD results 
Aerodynamic forces were calculated by CFD for 133 cases, in which AoA and the size (DFCA, RMR, THK and w) 
were changed. The size was varied in the ranges shown in Table 1, and AoA was varied from 0° to 90°. In order to 
estimate aerodynamic forces with respect to an arbitrary set of values (DFCA, RMR, THK, w), the concept of the 
‘Euclidean distance’ was applied. There are four procedures. At first, each variable in the arbitrary set and in all of 
the 133 cases were normalized, respectively. The second procedure is to calculate the Euclidean distance between 
the normalized arbitrary set and each of 114 the normalized cases. The third procedure is to find the shortest 
Euclidean distance, li, and the second shortest Euclidean distance, lj. The forth procedure is to estimate the 
aerodynamic forces from the known CFD results on the basis of li and lj. Defining the subscript i as the shortest 
Euclidean distance and the subscript j as the second shortest Euclidean distance, the drag coefficient, CD, can be 
estimated from the 114 known CFD results in Equation (3). The lift coefficient, CL, and the pitching moment 
coefficient, CM, can be estimated in the same manner. 
     > @jjjMRjFCADiiiiMRiFCADj
ji
MRFCAD wTHKRDClwTHKRDClll
wTHKRDC ,,,,,,1,,, ,,,, 
   (3) 
4. Results 
The history of the optimization process is shown in Fig. 7. The flight distance and seven of the fourteen design 
variables are shown as examples. The population is set to 300, and the number of generations is also set to 300. 
The best values of F1 for each generation are shown. It can be seen that the values of the ordinate become stable 
after 200 generations. The longest flight distance is estimated to be 79 meters (Fig.7(a)). In order to achieve this, Ȗ0 
(Fig.7(b)) should be 40°. The spin rate, R0 (Fig.7(c)), should be set as high as possible, while mD (Fig.7(e)) should 
be as low as permissible within the range of the regulations. The moment of inertia, IS (Fig.7(d)), DFCA (Fig.7(f)) 
and w (Fig.7(h)) should be relatively large within the range of the regulations. The thickness, THK (Fig.7(g)), 
should be intermediate within the range of the regulations. 
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Fig. 7. The history of the optimization process. 
 
  
(a). Thrower’s view. (b). Side view. 
Fig.8 The optimal attitude and velocity vector at launch. 
 
The optimal initial attitude and velocity vector are shown in Fig.8. It was found that the air inflow to the discus 
arrives from the upper side at the very beginning of the flight. This causes the lift to act vertically downward, but it 
also causes the drag to be low in the initial phase. 
 
5. Summary 
The concurrent optimization of both skill and equipment was carried out. The longest flight distance that could 
be achieved was 79 meters. In order to do this, the initial yaw rate on the axis of symmetry should be maximized. 
The moment of inertia on the axis of symmetry, the diameter of the flat center area and the width should be 
designed to be relatively large. The mass should be the smallest permissible within the range of the regulations. 
The thickness should be intermediate. The air inflow to the discus should come from the upper side at the very 
beginning of the flight.  
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